The use of soil and irrigation water with a high content of soluble salts is a major limiting factor for crop productivity in the semi-arid areas of the world. While important physiological insights about the mechanisms of salt tolerance in plants have been gained, the transfer of such knowledge into crop improvement has been limited. The identification and exploitation of soil microorganisms (especially rhizosphere bacteria and mycorrhizal fungi) that interact with plants by alleviating stress opens new alternatives for a pyramiding strategy against salinity, as well as new approaches to discover new mechanisms involved in stress tolerance. Although these mechanisms are not always well understood, beneficial physiological effects include improved nutrient and water uptake, growth promotion, and alteration of plant hormonal status and metabolism. This review aims to evaluate the beneficial effects of soil biota on the plant response to saline stress, with special reference to phytohormonal signalling mechanisms that interact with key physiological processes to improve plant tolerance to the osmotic and toxic components of salinity. Improved plant nutrition is a quite general beneficial effect and may contribute to the maintenance of homeostasis of toxic ions under saline stress. Furthermore, alteration of crop hormonal status to decrease evolution of the growthretarding and senescence-inducing hormone ethylene (or its precursor 1-aminocyclopropane-1-carboxylic acid), or to maintain source-sink relations, photosynthesis, and biomass production and allocation (by altering indole-3-acetic acid and cytokinin biosynthesis) seem to be promising target processes for soil biota-improved crop salt tolerance.
Introduction
Salinity is a major factor reducing crop productivity and a major cause of the abandonment of lands and aquifers for agricultural purposes. Developing salt-tolerant crops has been a much desired scientific goal but with little success to date, as few major-determinant genetic traits of salt tolerance have been identified (Flowers, 2004; Munns and Tester, 2008; Schubert et al., 2009 ). An alternative strategy to improve crop salt tolerance may be to introduce salt-tolerant microbes that enhance crop growth. As soil microbes have enhanced the growth of many different crops grown in a wide range of root-zone salinities as discussed below, this approach may succeed where it has proved difficult to develop salt-tolerant germplasm. Indeed, several recent studies have demonstrated that local adaptation of plants to their environment is driven by genetic differentiation in closely associated microbes (reviewed by Rodriguez and Redman, 2008) .
Attention is focused here on symbiotic relationships such as arbuscular mycorrhizal fungi (AMF), whose hyphal networks ramify throughout the soil and within the plant cells, ectomycorrhizal fungi (ECM), which form a fungal layer around the root system and root intercellular spaces, and root-associated plant growth-promoting rhizobacteria (PGPR). There is an abundant literature on how symbiotic nitrogen-fixing bacteria affect legume Abbreviations: ABA, abscisic acid; ACC, 1-aminocyclopropane-1-carboxylic acid; AM(F), arbuscular mycorrhizal (fungi); ECM, ectomycorrhizal fungi; GUS, b-glucuronidase; IAA, indole-3-acetic acid; JA, jasmonic acid; PGPR, plant growth-promoting rhizobacteria; SA, salicylic acid. ª The Author [2012] . Published by Oxford University Press [on behalf of the Society for Experimental Biology]. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com responses to salt stress, and the reader is referred to specific literature on the topic (e.g. Serraj and Drevon, 1998; Manchanda and Garg, 2008; Ben Salah et al., 2009 , 2011a . As recent comprehensive reviews have identified numerous physiological mechanisms by which AMF improve plant salinity tolerance (Evelin et al., 2009; Porcel et al., 2011) , this review seeks to evaluate microbial effects within the context of a biphasic model that interprets physiological/agronomic responses of plants to salinity (Munns, 1993) according to temporal changes in both osmotic and ionic stresses (Fig. 1) .
Following a step change in salinity, plant growth is firstly and essentially reduced (within minutes) by osmotic (water) stress, and then recovers (over several hours) to a new steady state (Fig. 1a ) that can be considerably lower than that under optimal conditions (Munns, 2002; Munns and Tester, 2008) . The ability of soil microbes to improve crop water relations, perhaps by enhancing the accumulation of specific metabolites, is evaluated below (see 'Water homeostasis and osmolyte accumulation'), although maintaining leaf turgor of salinized plants did not prevent the long-term growth inhibition of salinized plants (Munns et al., 2000) . As plant meristems are actively growing tissues where cell division and further expansion governs sink strength and affects plant carbohydrate status, microbial impacts on plant energetics are also considered (see 'Source-sink relations and energetic metabolism') These changes occur rapidly after imposing salt stress (Fig. 1b) , as the slowing of leaf growth causes the accumulation of carbohydrates that otherwise would be used in growth (Munns et al., 2000) . Although changes in ion uptake occur within minutes of a step change in salinity (Davenport, 2007) , ion (e.g. Na + , Cl À ) accumulation to toxic levels in photosynthetically active mature leaves occurs much later (days to weeks; Fig. 1c ). Evidence that soil microbes alter ion homeostasis and improve plant nutrition (Fig. 2 ) in salinized crops is considered (see 'Ion homeostasis'). Furthermore, as plant growth under saline stress may be regulated via changes in phytohormone concentrations (Pérez-Alfocea et al., 2010) , which can rapidly respond to a step change in salinity (e.g. Fig. 2d ), and both AMF (Ludwig-Mü ller, 2010) and PGPR can have multiple impacts on phytohormone status, the possibility that these changes can attenuate the effects of salinity are considered (see 'Plant hormones'). These mechanisms do not work in isolation but rather in an integrated manner to finally affect the major physiological processes limiting growth under salinity: growth, leaf senescence, and photosynthesis, as summarized in Fig. 3 . Although salt stress commonly results in foliar oxidative damage (Hernández et al., 1995; Mittova et al., 2003) , this occurs much later than the initial effects on water, carbohydrate, nutrient, and phytohormone relations (Fig. 1e) , and the reader is instead referred to other review articles (Evelin et al., 2009; Porcel et al., 2011) . Lastly, the commercial and agronomic significance of soil biota that can enhance crop salinity tolerance is briefly considered.
Water homeostasis and osmolyte accumulation
Maintaining water homeostasis and the functioning of photosynthetic structures are essential for alleviating the impact of salinity on plant growth and crop yield, even if salinity-induced losses in turgor may be transient, owing to plant uptake of ions from the soil allowing foliar osmotic adjustment (Munns and Tester, 2008) . Under drought Munns et al., 2000) , tomato exposed to 140 mM NaCl (filled triangles; Sanchez-Blanco et al., 1991) or 100 mM NaCl (filled circles; Ghanem et al., 2008) , or tomato exposed to 100 mM NaCl applied in 25 mM daily increments (filled squares; Shalata and Tal, 1998) . MDA concentration is an indicator of oxidative stress. Note that both axes are logarithmic, with vertical arrows on the x-axis denoting 1 day and 1 week.
stress, plants inoculated with mycorrhiza (Augé, 2001) or PGPR (Creus et al., 2004) often show enhanced osmotic adjustment. However, other mechanisms have been proposed in the drought avoidance mediated by mycorrhiza, such as an improved exploitation of soil water due to the hyphal contribution to water uptake and/or induced changes in root morphology and soil structure (Augé, 2001 , and references therein). Indeed, the mycorrhizal maintenance of root turgor during drought was apparently not related to osmotic adjustment, despite fungal alteration of concentrations of several key solutes (Augé et al., 1992) , but to changed apoplastic/symplastic water partitioning (Augé and Stodola, 1990) . While these local changes contribute to root growth maintenance, soil microbes also affect the ability of the roots to take up water under both drought and saline stresses.
Both mycorrhizae and PGPR can affect root hydraulic conductance (L). Mycorrhizal (Glomus intraradices BEG 123) bean (Phaseolus vulgaris) plants had a greater osmotic root hydraulic conductance under saline (3.1 dS m À1 ) stress (Aroca et al., 2007) than uninoculated plants, which was not due to a concentrating effect of decreased osmotically driven sap flux, as this was approximately doubled in AM plants. Instead, it was proposed that mycorrhizal roots increased active solute transport as a mechanism to sustain water flow across the root. Although regulation of root hydraulic properties by AM symbiosis was strongly correlated with the regulation of aquaporin (PvPIP2) protein abundance and phosphorylation state (Aroca et al., 2007) , different PIP genes were differentially regulated under salinity stress. Similarly, maize (Zea mays) plants that were inoculated with the PGPR Bacillus megaterium (Marulanda et al., 2010) and then exposed to salinity (2.59 dS m À1 ) had increased L compared with uninoculated plants, which was correlated with increased root expression of two (of the six studied) ZmPIP isoforms.
Little is known of the mechanisms by which soil microbes regulate root expression of specific aquaporin isoforms, but it is tempting to speculate that microbial alteration of root hormone status (see 'Plant hormones') may be responsible, especially as L and aquaporins are both affected by the plant hormone abscisic acid (ABA) , and AMF symbiosis can modify root ABA levels (discussed below). Therefore, it has been postulated that ABA could be the signal that differentially regulates the behaviour of L and aquaporins in AMF and non-AMF plants under drought and saline stress conditions (Porcel et al., 2006) . However, interactions of ABA with other hormones [such as auxins, cytokinins, jasmonic acid (JA), and ethylene] altered by the stress (Luo et al., 2009 ) cannot be excluded.
Although these changes in root hydraulic properties will assist the maintenance of plant water status, salt generally decreases plant relative water content, water uptake and transpiration rate (Jahromi et al., 2008) . Mycorrhizal symbioses can have a negative, a positive, or no effect on transpiration rate depending on the timing and type of stress applied Jahromi et al., 2008) , which is perhaps not surprising given that mycorrhizal symbiosis can affect numerous phytohormones (see 'Plant hormones') involved in root-to-shoot signalling processes that regulate leaf gas exchange (Dodd, 2003) . Although many PGPR affect in planta concentrations of these same signalling molecules , there are relatively few examples of rhizobacterial inoculation significantly affecting plant transpiration. Effects on transpiration rates are only one mechanism by which soil microbes can alter the water relations of salinized plants, and many studies have investigated the impacts of soil biota on osmolyte accumulation by salinized plants.
Root colonization by AMFs can induce major changes in the relative abundance of the major groups of organic solutes (Sheng et al., 2011) , such as modifying the composition of carbohydrates (Augé et al., 1987) and inducing accumulation of specific osmolytes such as proline (Ruiz-Lozano and Azcón, 1995) , thus facilitating osmotic adjustment. Nevertheless, the concentration of proline under saline conditions may not always indicate significant osmotic adjustment, unless subcellular compartmentation is considered (Pérez-Alfocea et al., 1993) . However, better growth of AM-inoculated Jatropha curcas compared with non-inoculated plants when exposed to salinity (1.7-8.5 dS m À1 NaCl for 60 d) may result from increased soluble sugars and proline in the leaves of inoculated plants, allowing maintenance of leaf water status (Kumar et al., 2010) . Furthermore, inoculation of soybean (Glycine max) with Glomus etunicatum increased the root and shoot growth of plants grown with 50 and 100 mM NaCl, which was correlated with increased root but decreased shoot proline concentrations (Sharifi et al., 2007) . Likewise, foliar proline concentrations of mycorrhizal maize were decreased up to 5-fold across a range of soil salinities (0.8-2.6 dS m À1 NaCl for 55 d; Sheng et al., 2011) , while root proline concentrations of mycorrhizal lettuce (Lactuca sativa) were decreased in plants grown at 50 mM NaCl (Jahromi et al., 2008) . However, mycorrhization did not affect either root or shoot proline concentrations following exposure of Lotus glaber to 200 mM NaCl (Sannazzaro et al., 2007) . Rather than playing an important role in osmotic adjustment, osmolyte (proline, soluble sugars, amino acids) accumulation may be considered a sensitive physiological marker of salt and other stresses that facilitate free radical scavenging and stabilization of subcellular structures (Yang et al., 2009) .
Maintenance of the photosynthetic apparatus via the accumulation of protective molecules and osmolytes and/or the upregulation of antioxidant metabolism (Evelin et al., 2009) suggests interesting biotechnological perspectives for improving agricultural productivity (Choudhary et al., 2011) . Enhanced proline synthesis in abiotically stressed plants has been reported in the presence of beneficial bacteria such as Burkholderia (Barka et al., 2006) , Arthrobacter and Bacillus (Sziderics et al., 2007) . Whether the increased proline is synthesised de novo in the plant or is absorbed from the root zone is not clear, but the introduction of a proBA gene derived from Bacillus subtilis into Arabidopsis thaliana increased production of free proline, which was associated with increased salt tolerance in the transgenic plants (Chen et al., 2007) .
Similarly, trehalose metabolism in rhizobia seems important for improving plant growth, yield, and adaptation to abiotic stress of leguminous plants (Suarez et al., 2008) . This non-reducing disaccharide is not common in vascular plants but seems to play an important role as an osmoprotectant by stabilizing dehydrated enzymes and membranes Fig. 3 . Salt stress alleviation by mycorrhizal fungi (MF) and plant growth-promoting rhizobacteria (PGPR). Through a hyphal effect or exudation of specific compounds, soil biota alter root physiology by acting on different biochemical and molecular mechanisms that essentially improve water and nutrient acquisition and exclude toxic ions from the rhizosphere. Altered root physiology modifies root-toshoot communication and contributes to water, ionic, and hormonal homeostasis in the shoot. This alleviates the salt-induced growth impairment during the osmotic phase of salinity and delays the toxic effect on leaf senescence. In turn, this helps to maintain rhizosphere microbial colonization by maintaining assimilate flow to the roots. Microbes modify the expression and activity of ion and water transporters and increase the effective root surface area via fungal hyphae or enhancement of lateral root formation by altering auxin (IAA) transport and signalling. Some exudates (polysaccharides) sequester toxic ions (Na + ), while other metabolites (amino acids, trehalose) and hormones (cytokinins and auxins) can be transported to the shoot to protect growth and photosynthetic machinery, although direct effects on plant metabolism cannot be ruled out. Line thickness indicates the magnitude of the microbial effects, while an arrow or a perpendicular line indicates positive or negative regulation, respectively.
and protecting biological structures from desiccation damage, rather than by allowing osmoregulation. Co-inoculation of Rhizobium tropici and the PGPR Paenibacillus polymyxa (overexpressing a trehalose-6-phosphate synthase gene) increased plant growth, N content, and nodulation of Phaseolus vulgaris L. submitted to 3 weeks of drought stress compared with plants inoculated with Rhizobium alone (Figueiredo et al., 2008) . A microarray analysis of 7200 expressed sequence tags from nodules of plants inoculated with strains overexpressing the trehalose-6-phosphate synthase gene revealed upregulation of genes involved in stress tolerance, suggesting a plant signalling mechanism responding to bacterial trehalose (Figueiredo et al., 2008) . Trehalose is the main storage carbohydrate in the extraradical mycelium as well as in spores of AMF, and its biosynthesis is induced upon AMF colonization of plant roots (Hoekstra et al., 1992; Schubert et al., 1992) ; thus, it may help to protect plants against salt stress. However, recent studies aiming to demonstrate the role of salt stress effects on trehalose content and metabolism in the extraradical hyphae of Glomus intraradices, and its possible role in protecting plants against abiotic stresses, were not consistent. The trehalose content of Glomus intraradices did not change when treated with 0.5 M NaCl, although moderate transient activations of both the biosynthetic trehalose-6-phosphate phosphatase (required for the conversion of trehalose-6-phosphate to trehalose and orthophosphate) and catabolic neutral trehalase (required for the breakdown of trehalose into glucose) activities were detected, even though these were not associated with any transcriptional change (Ocon et al., 2007) . More work is needed to clarify whether trehalose produced by the extraradical hyphae and mycorrhizal roots can protect host plants from saline stress (Evelin et al., 2009) .
Classically, accumulation of soluble sugars (Fig. 1b) to adjust the osmotic potential of plants during salt stress constitutes an important plant protection mechanism (Evelin et al., 2009) . Increased total carbohydrate content was positively correlated with mycorrhization of host Phragmites australis plants colonized by Glomus fasciculatum (Al-Garni, 2006) and soybean plants colonized by Glomus intraradices (Porcel and Ruiz-Lozano, 2004) . However, carbohydrate accumulation should be also considered in relation to its production in source leaves, and its transport and use in actively growing sink tissues, which has important implications for biomass reallocation, plant adaptation, photosynthesis, and growth (Pérez-Alfocea et al., 1993; Balibrea et al., 2000) . Sink organs often accumulate carbohydrates following salinization, as their utilization in growth is constrained. Thus, carbohydrate use, rather than availability, seems to be the first limiting step for salt tolerance (Munns, 1993; Pérez-Alfocea et al., 2010) .
Source-sink relations and energetic metabolism
Stimulation of carbohydrate transport and metabolism between source and sink tissues has also been proposed as a mechanism to alleviate metabolic feedback inhibitions of photosynthesis, thus avoiding photoinhibition during the osmotic phase of salinity when carbohydrates usually accumulate (Munns, 1993; Pérez-Alfocea et al., 2010; see Fig. 3) . Symbiotic microorganisms can directly modulate these source-sink relations by enhancing sink activity via increased exchange of carbohydrates and mineral nutrients. Indeed, plant roots become a strong sink for carbohydrates when colonized by AMF, as these fungi can consume up to 20% of the host photosynthate (Feng et al., 2002; Heinemeyer et al., 2006) . Furthermore, about 30% of total respiration by ECM-associated Pinus sylvestris and Pinus contorta seedlings can be attributed to fungal mycelia in the soil (Sö derströ m and Read, 1987; cited in Teramoto et al., 2011) . In mycorrhizal Plantago lanceolata plants, the respiratory carbon cost of the mycelium of Glomus mosseae ranged between 0.8 and 5% and increased with soil warming, showing a strong dependence on recent photosynthates (Heinemeyer et al., 2006) . Therefore, mycorrhizal sink strength influences the whole-plant carbon balance, and fungal colonization can stimulate the rate of photosynthesis sufficiently to compensate for fungal carbon requirements and to eliminate growth reduction of the autotroph (Wright et al., 1998a,b) . It has been also proposed that sugar accumulation may also be due to the hydrolysis of starch in inoculated seedlings, as mycelium growth requirements mobilize carbon reserves (Heinemeyer et al., 2006) , which could help decrease salinity-induced starch accumulation as a consequence of the inhibition of sink activity in growing tissues (Balibrea et al., 2000) . Thus maintenance of an active carbohydrate sink in symbiotic roots, when assimilate transport and use in other sink tissues is impaired, could help maintain the source activity of mature leaves for longer, thereby improving salt tolerance (Pérez-Alfocea et al., 2010) .
In support of this idea, the improved salt tolerance of mycorrhizal (Glomus mosseae) maize plants was related to higher accumulation of soluble sugars in the roots as a specific response, independent of plant nutritional (P) status (Feng et al., 2002) . This effect could be responsible for improved plant water status, chlorophyll concentration, and photosynthetic capacity by increasing photochemical efficiency (Sheng et al., 2008) . Salt tolerance of two nodulated Medicago ciliaris lines was related to the plant's capacity to maintain control of the nodule activity as a symbiotic, rather than a parasitic, relationship via hormonal signalling, by maintaining source-sink activities, nitrogen fixation, and plant growth (Ben Salah et al., 2011a) . When pepper (Capsicum annuum) plants were co-inoculated with the PGPR Azospirillum brasilense and Pantoea dispersa, the higher plant dry matter accumulation after 36 d under salinity (40-120 mM NaCl) was related to a higher source activity due to higher stomatal conductance and photosynthesis than non-inoculated plants, but without affecting chlorophyll concentration or photosystem II photochemical efficiency (del Amor and Cuadra-Crespo, 2012). However, a PGPR-induced root-sink effect cannot be excluded, as growth was promoted more in the roots than the shoots, probably mediated by the production of hormones such as indole-3-acetic acid (IAA) (Bashan and de-Bashan, 2010) , as discussed in the section on 'Plant hormones' below (Fig. 3) .
Beneficial effects of AM symbiosis under salinity may be due to alterations in basal energetic metabolism (Giri and Mukerji, 2004; Rabie and Almadini, 2005) . Thus, changes in plant metabolism have been also reported in mycorrhizal (Glomus mosseae) maize plants grown at different salt levels (Sheng et al., 2011) . The AM symbiosis raised the leaf concentrations of soluble sugars, reducing sugars, soluble protein, total organic acids, oxalic acid, fumaric acid, acetic acid, malic acid, and citric acid, and decreased the concentrations of total free amino acids, proline, formic acid, and succinic acid. These results suggest that the symbiosis affects the metabolic regulation of organic acids under saline conditions, involving enzymes from the tricarboxylic acid cycle, glyoxylate cycle, or glycolysis, thus improving the energetic status of the plant and helping to mitigate the stress (Sheng et al., 2011) . For example, an improved energetic status could help to maintain ionic homeostasis for longer by maintaining the Na + exclusion capacity in the roots, thus delaying the incidence of toxic ionic effects, which is a key process for salt tolerance (Pérez-Alfocea et al., 2010), as suggested in Fig. 3 .
Ion homeostasis
Although toxic ions as Na + and Cl À can benefit plant adaptation to salinity by contributing to vacuolar osmotic adjustment, it is generally accepted that salt tolerance in glycophyte species is mostly related to the exclusion of these ions from the leaves thereby avoiding or delaying toxic effects (Munns and Tester, 2008) . Hence, any contribution of the soil biota towards maintaining the homeostasis of toxic ions must benefit plant growth under salinity (Fig. 3) . Microbes can alter root uptake of toxic ions and nutrients by altering host physiology (by regulating ion transporter expression and/or activity) and modifying physical barriers around the roots (more extensive rhizosheaths formed by bacterial exopolysaccharides), or by directly reducing foliar accumulation of toxic ions (Na + , Cl À ) while improving the nutritional status of both macro-(N, P, K) and micronutrients (Zn, Fe, Cu, Mn), mostly via unknown mechanisms. Nutrients may also become more accessible to the plant due to microbial-induced changes in rhizosphere pH (organic acid excretion) and/or chelation with organic molecules (siderophores) exuded by microbes. Particular importance has been attached to microbial enhancement of in planta K + /Na + ratios (Giri et al., 2007; Sharifi et al., 2007; Zuccarini and Okurowska, 2008) in beneficial plant/ microbe interactions (Fig. 2) .
Salt stress alleviation of Lotus glaber by Glomus intraradices BAFC 3108 has been related to decreased root and shoot Na + accumulation and enhanced root K + concentrations (Sannazzaro et al., 2006) . Similarly, improved plant growth and yield under saline conditions have been correlated with altered nutrient status in other host/AMF combinations such as Glomus clarum and mungbean (Vigna radiata) (Rabie, 2005) , Glomus clarum and pepper (Kaya et al., 2009) (Hammer et al., 2011) . If a significant proportion of the elemental uptake in plants occurs via the mycorrhizal fungi, this could explain the often higher K + :Na + ratios in mycorrhizal plants (Sannazzaro et al., 2006; Giri et al., 2007) and indicates that the AMF mycelium might pre-select nutrients for the plants (Fig. 3) .
It is tempting to speculate that AMF could modify the expression of plant ion transporters, thus altering the uptake of both nutrients and toxic ions. Although overexpression of Na + /H + and K + /H + antiporters improve salt tolerance in plants (Zhang et al., 2001; Rodriguez-Rosales et al., 2008) , expression analysis of LeNHX1 (Na + /H + ) and LeNHX2 (K + /H + ) antiporter genes under salt (137 mM NaCl) and mycorrhizal colonization with Glomus intraradices and Glomus geosporum in tomato did not reveal changes in gene expression (Ouziad et al., 2006) . Nevertheless, selective ion processes taking place in the mycelium suggest important possibilities for new sustainable agricultural practices to manage salinized soils.
Colonization of Pinus pinaster roots by the ectomycorrhizal fungus Rhizopogon roseolus increased nitrate and potassium ion fluxes from de-topped root systems (Plassard et al., 2002) . A related observation was that colonization of Medicago truncatula roots by Glomus intraradices and Glomus mosseae increased mRNA accumulation of several nitrate, phosphate, and manganese transporter genes (Hohnjec et al., 2005) . While both studies used plants grown in the absence of salt, similar studies are clearly needed in salinized plants to elucidate the regulation of plant ion transporters in mycorrhizal-mediated salt tolerance.
In the case of PGPR, decreased plant Na + accumulation could be explained by the excretion of bacterial exopolysaccharides, which bind cations (especially Na + ) in roots, thus preventing their transfer to leaves and helping alleviate salt stress in plants (Ashraf et al., 2004) . The authors suggested that a higher proportion of the root zone of inoculated seedlings was covered in soil sheaths, which reduced apoplastic flow of sodium ions into the stele. Furthermore, 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase containing PGPR increased plant N, P, and K uptake, resulting in higher K + :Na + ratios in salinized maize plants (Nadeem et al., 2009) and increased P, K + and Ca 2+ uptake at the expense of Mg 2+ and Na + uptake in salinized tomatoes (Mayak et al., 2004; Fig. 2) .
While these studies suggest that PGPR can mediate plant ionic relations by altering in radix processes, exposing Arabidopsis plants to bacterial volatile organic compounds from Bacillus subtilis decreased root transcriptional expression of a high-affinity K + transporter (AtHKT1) but upregulated it in the shoots, not only decreasing root Na + import but facilitating Na + exclusion from the shoot by retrieving Na + from the xylem and facilitating root-to-root Na + recirculation Fig. 3) . As AtHKT1 differentially adjusts Na + and K + levels depending on the plant tissue, the induction of this transporter may explain the reduced Na + accumulation in the plants and the improved salt tolerance, as supported by the typical saltstress phenotype and inhibited growth observed when exposing an AtHKT1 mutant to bacterial volatile organic compounds . However, the beneficial effect of PGPR under salinity has been also related to the alleviation of osmotic stress by maintaining higher stomatal conductance and photosynthetic activities (del Amor and Cuadra-Crespo, 2012). In turn, this could lower accumulation of toxic ions (Na + and Cl À ) and improve leaf K + :Na + ratio, thus delaying toxic effects through both growth and/ or energetic maintenance of ion-exclusion mechanisms (Pérez-Alfocea et al., 2010) . Soil microbes may also modulate other indirect and novel mechanisms to increase plant salt tolerance. Silicon improves plant salt tolerance by limiting Na + uptake through an unknown mechanism, improving photochemical efficiency, protecting cell membrane integrity, increasing antioxidant enzyme activity, and decreasing water loss (Romero-Aranda et al., 2006) . Interestingly, the AMF Glomus intraradices is able to accumulate silicon and can enhance its concentration in the host plant (Hammer et al., 2011) . Thus, the role of silicon in AMF-mediated salt tolerance deserves further investigation.
Plant hormones
Multiple changes in phytohormone status have been implicated in controlling vegetative growth during the osmotic phase of salinity by regulating source-sink interactions, biomass reallocation, and leaf senescence (Pérez-Alfocea et al., 2010; Ghanem et al., 2011) . As soil biota may improve crop salt tolerance by altering hormonal root-shoot signalling, various classes of plant hormones (known to respond to changes in salinity) are considered below (Fig. 3) .
ABA
Typically, salinity increases ABA concentrations in roots, xylem sap, and shoots concomitant with decreased transpiration rates, but ectomycorrhizal (Paxillus involutus) colonization of the root system of grey poplar (Populus3canescens) had no effect on salinityinduced changes in root or shoot ABA concentration (Luo et al., 2009 (Luo et al., , 2011 . However, some mycorrhizal fungi accumulate substantial quantities of ABA (Esch et al., 1994) , which may be responsible for increased root ABA concentrations of some mycorrhizal plants (Danneberg et al., 1992; Jahromi et al., 2008) . In contrast, Glomus intraradices BEG121 decreased lettuce root ABA concentration in both well-watered and drying soil , and in the latter case it is tempting to speculate that mycorrhizal effects on root ABA relations may be related to increased hyphal water capture. Although there are reports of mycorrhization increasing leaf ABA accumulation in drying soil , there is limited information on whether mycorrhizae alter the ABA relations of plants exposed to saline soil. While Glomus intraradices DAOM197198 decreased lettuce root ABA concentration by 35-40% when plants were grown at 50 and 100 mM NaCl, these changes did not affect plant transpiration rate (Jahromi et al., 2008) . More work is required to determine whether mycorrhizal impacts on root ABA concentration affect root-to-shoot transport of ABA in salinized plants (Fig. 3) .
While the impact of mycorrhizae on plant ABA status seems contradictory, plant ABA status seems critical in determining mycorrhizal colonization of the root system. The ABA-deficient tomato mutant sitiens, which has a 50% lower root ABA concentration than wild-type plants (Cornish and Zeevaart, 1988) , showed much less root colonization by the AMF Glomus intraradices DAOM197198 (Herrera-Medina et al., 2007). As it was not apparent whether this response was due to lower ABA concentration per se, or increased ethylene evolution, the mycorrhization phenotype of tomato lines that were partially ethylene deficient, ethylene insensitive, or hypersensitive was investigated in response to exogenous tungstate (which inhibits ABA biosynthesis) and ABA applications (Martín-Rodríguez et al., 2011) . It was concluded that ABA had a direct promotive role in arbuscule formation, while ethylene negatively regulated fungal development in radix. Whether the increased root ABA concentration of salinized plants enhances mycorrhizal colonization of the root system requires further work, with the timing of the salt stress relative to the mycorrhizal colonization process probably critical.
While many plant growth-promoting rhizobacteria apparently produce ABA in vitro , there are few investigations of whether these influence the ABA status of plants grown in salinized soil. Although several PGPR isolated from weed species grown in saline soil (2.3 dS m À1 ) produced multiple phytohormones including ABA in vitro and enhanced growth of salinized (20 dS m À1 ) soybean seedlings, the role of ABA in these plant-microbe interactions was not determined (Naz et al., 2009) . Immersing cotton (Gossypium hirsutum) seeds in suspensions of Pseudomonas putida Rs-198 (10 9 c.f.u. ml À1 for 6 h) prior to planting increased seedling biomass accumulation by 10% in saline soil (comprising 3.5 g kg À1 total salt), and prevented any salinity-induced ABA accumulation in seedlings (Yao et al., 2010) . In contrast, untreated seeds showed a 33% Soil microbes and salinity tolerance | 3421 increase in foliar ABA concentration. However, it is not clear whether the growth stimulation of the treated seeds was directly related to ABA status, as these plants also had a lower Na + concentration and a higher K + concentration, and thus the decreased ABA concentrations may be mediated by altered ionic status. Considering the importance of ABA in mediating stomatal (and thereby photosynthetic) responses to saline soil (Dodd, 2003) , exploiting the effects of plant-microbe interactions on ABA status may enhance growth of salinized plants.
Auxins
Previous studies indicate that salinity can either decrease (300 mM NaCl; Dunlap and Binzel, 1996) or increase (100 mM NaCl; Albacete et al., 2008) root IAA accumulation in tomato, which might affect cell elongation and root growth. As auxin is formed in developing and mature leaves and is necessary for the formation of lateral primordia in both root and shoot apical meristems (Kepinski, 2006) , a link between acropetal and basipetal auxin transport has been suggested to coordinate shoot and root responses to environmental stimuli, depending on the organ detecting the stimulus (Casimiro et al., 2001; Sachs, 2005;  Fig. 3 ). Furthermore, IAA may act as a negative feedback signal to temporarily repress cytokinin synthesis in the roots and their xylem transport to the shoot (Rahayu et al., 2005) , which might be expected to increase root elongation.
IAA production is a relatively common trait of PGPR (reviewed by Dodd et al., 2010) , and such bacteria can counteract salinity stress in plants. Thus, Azospirillum brasilense strain Cd promoted branching of, and stimulated a more persistent exudation of flavonoids by, roots of hydroponically grown bean Phaseolus vulgaris and relieved the negative effects of 50 mM NaCl on those parameters (Dardanelli et al., 2008) . Furthermore, an indole pyruvate decarboxylase (ipdC) mutant of the Azospirillum brasilense strain Sp245, producing only 10% as much IAA as the wild type, had less impact on bean nodulation and nitrogen fixation than the wild type, suggesting that IAA was key to regulating the nodulation phenotype. Experiments with rhizobacterial mutants are important to assess the importance of specific phytohormones, as both Azospirillum brasilense strains mentioned above can have multiple impacts on plant hormone status (reviewed by Dodd et al., 2010) .
Such experiments would also benefit from a comprehensive analysis of root (and shoot) phytohormone status to investigate the effects of both salinity and microbial inoculants. However, the physiological significance of particular hormonal changes is difficult to assess when multiple changes occur. In non-mycorrhizal roots of grey poplar (Populus3canescens), salinity (150 mM NaCl for 18 d) increased the concentrations of salicylic acid (SA) and ABA by 2.8-fold and 6.1-fold, respectively, while decreasing concentrations of IAA, jasmonic acid (JA), and JA-isoleucine by 65-85% (Luo et al., 2009) . Ectomycorrhizal (Paxillus involutus) colonization of roots not only significantly increased root SA and ABA concentrations while decreasing root IAA, JA, and JA-isoleucine concentrations under control conditions, but also enhanced the salinity-induced accumulation of SA, and also prevented or attenuated salinity-induced changes in IAA, JA, and JA-isoleucine. While these changes in bulk root hormone concentration had no impact on root biomass, mycorrhizal colonization increased both root cell area (3-4-fold) and fine-to-coarse root ratio (30-60%), while salinity had the opposite effects. Despite this mycorrhizal modulation of root physiology and morphology, there were no systemic mycorrhizal effects on foliar hormone concentrations (SA, ABA, IAA, and JA-isoleucine), while salinity only increased foliar ABA concentrations and decreased foliar JA-isoleucine concentrations (Luo et al., 2011) . Unravelling the impacts of mycorrhization on regulatory mechanisms controlling both root and shoot hormone concentrations of salinized plants may benefit from techniques such as principal component analysis to produce information from hormonal, ionic, and transcriptomic approaches.
While these changes in root hormone concentrations clearly indicate microbial modulation, it is difficult in the absence of information on hormone localization to discern whether these are causes or consequences of altered growth. Ectomycorrhizal plants of poplar transformed with an auxin-responsive GH3::GUS reporter gene showed diminished b-glucuronidase (GUS) activity in the root vascular system, consistent with the lower root IAA concentration (Luo et al., 2009) . However, as both mycorrhizal and nonmycorrhizal plants showed no GUS activity in the growing root tips, it is difficult to attribute the increased root cell area (3-4-fold) of mycorrhizal plants to altered auxin concentrations in growing roots. Detailed measurements of the spatial distributions of root IAA concentration and elongation growth in growing root tips of species known to form mycorrhizal associations may provide valuable information in discerning the role of auxin in growth regulation. Indeed, the induction of both IAA biosynthesis and lateral root formation in Arabidopsis in response to inoculation with the rhizobacterium Phyllobacterium brassicacearum STM196 (a low IAA producer) is independent of auxin release by the bacteria but dependent on IAA transport and signalling in the host plant (Contesto et al., 2010) . Increased auxin activity could help to maintain root growth under salinity, which can be considered an adaptive response to drought and saline stresses, but also can contribute to maintaining leaf growth (Fig. 3) , which is considered a first limiting step of plant productivity under conditions of salinity (Munns, 2002; Albacete et al., 2008) .
Cytokinins
Although AM plants generally show higher stomatal conductance and transpiration rates than non-AM plants (Ruiz-Lozano et al., 2009) , even under salinity stress (Sheng et al., 2008) , this has not always been associated with improved leaf water status. Consequently, there has been an emphasis on identifying root-to-shoot signalling mechanisms responsible for enhanced stomatal conductance.
Although cytokinins can enhance stomatal opening (Dodd, 2003) , there was no difference in xylem zeatin riboside concentrations in mycorrhizal and non-mycorrhizal maize (Duan et al., 1996) . However, the multiplicity of cytokinin forms in planta suggests that a more comprehensive analysis of cytokinin biochemistry of mycorrhizal plants using physico-chemical techniques may prove instructive.
Stimulation of shoot biomass of lettuce plants grown in drying soil by the cytokinin-producing PGPR Bacillus subtilis (Arkhipova et al., 2007) implies considerable root-to-shoot cytokinin signalling. Salinity decreased shoot growth and root, xylem, and shoot cytokinin concentrations of tomato plants, but augmenting root-to-shoot cytokinin signalling by grafting plants onto a rootstock constitutively expressing ipt not only increased trans-zeatin concentrations in developing fruits (1.5-2-fold) but also fruit yield (30%) when grown under a moderate salinity (75 mM NaCl) for 3 months (Ghanem et al., 2011) . As cytokinin production seems a relatively common trait of PGPR and mycorrhizal fungi Ludwig-Müller 2010) , more attention should be given to selecting microbial inoculants with high cytokinin production to potentially ameliorate salt stress.
Ethylene (ACC)
Increased foliar ethylene evolution following prolonged salinization of the substrate (Feng and Barker, 1992; Mayak et al., 2004) is correlated with foliar accumulation of Na + (and other ions) in tomato. Indeed, higher leaf ethylene evolution was associated with increased foliar Na + accumulation in different tomato genotypes (Feng and Barker, 1992) . Two weeks after imposing 100 mM NaCl, increased root, xylem sap, and leaf ACC concentration were detected , coinciding with foliar Na + accumulation to 80 mM . These changes were correlated temporally with the onset of oxidative stress (malonaldehyde accumulation) and decreased photosynthetic efficiency , suggesting that ethylene enhanced foliar senescence (Fig. 3) . Although 15 d of salinization (100 mM NaCl) increased ACC concentrations in tomato , exposure of a salttolerant Medicago ciliaris line to the same salt concentration for 21 d actually decreased leaf, root, and nodule ACC concentrations (Ben Salah et al., 2011a) . Although decreased nodule ACC concentration might be expected to enhance nodulation (because ethylene is often inhibitory to nodulation; Ma et al., 2002) , salinity had no effect on nodule number but decreased symbiotic nitrogen fixation. Although ethylene can stimulate the growth of certain plant organs under specific circumstances (e.g. internode extension of deep-water rice), it is often regarded as a growth inhibitor (Pierik et al., 2007) . Thus, researchers have pursued chemical, genetic, and even microbiological ways of decreasing crop ethylene production.
Many rhizosphere bacteria contain the enzyme ACC deaminase, which hydrolyses the ethylene precursor ACC to ammonia and a-ketobutyrate (Honma and Shimomura, 1978; Glick, 1995) , which are utilized by the bacteria as nutrient sources. There are many reports that rhizobacteria containing ACC deaminase can decrease salinity-induced shoot growth inhibition (Mayak et al., 2004; Nadeem et al., 2009) . While the simplest interpretation of these data is that rhizobacterial reduction of root ACC concentration (Penrose and Glick, 2001 ) diminished long-distance ACC signalling (Belimov et al., 2009) and hence foliar ethylene evolution (Else and Jackson, 1998) , alternative explanations should also be considered.
Rhizobacterial inoculation with Achromobacter piechaudii AVR8 had no effect on leaf relative water content of tomato seedlings grown with 207 mM NaCl, and actually decreased the relative water content of plants growth with 120 mM NaCl (Mayak et al., 2004) . Such evidence that foliar water relations are not responsible for the improved growth of inoculated plants is not surprising in view of evidence that preventing a salinity-induced decrease in foliar turgor (via root pressurization) has no long-term (days to weeks) influence on plant growth (Munns et al., 2000) . However, Achromobacter piechaudii increased foliar K and P concentrations by 24, and 62% respectively, while decreasing Ca and Mg concentrations by 21 and 14%, respectively (averaged over two salt concentrations). Interestingly, although rhizobacterial inoculation decreased foliar Na concentration (by 24%) when plants were grown with 120 mM NaCl, there was no significant effect at a higher salt concentration (207 mM). Although further work is required to substantiate whether these nutritional changes are a universal response to the presence of ACC deaminase-containing bacteria in the rhizosphere, changes in tissue nutrient ratios may also be physiologically important in regulating growth under salinity (Rodríguez-Rosales et al., 2008) .
Commercial/agronomic prospects
Successful commercial application of microbial inoculants to improve crop growth and yield in saline soil implies that the inoculants are also salt tolerant, which highlights the potential of using microorganisms from saline habitats. Certain PGPR, whose ability to colonize the root system is undiminished by salinity (Paul and Nair, 2008) , offer considerable potential as inoculants. Although some mycorrhizal species (e.g. Scutellospora calospora) reach maximum spore germination under high-salt (300 mM NaCl) conditions, spore germination of other AMF was delayed and the specific rate of hyphal extension was reduced in the presence of NaCl (Juniper and Abbott, 2006; Jahromi et al., 2008) . The extent to which spore germination was inhibited was not the same for all species investigated but was similar for isolates of the same species, and was independent of the salinity of the environment of origin. However, the evidence that propagules from root pieces have a higher capacity to germinate under high salinity than the spores of the same species suggests that specific technologies can be developed to optimize fungal viability under saline conditions in order to optimize colonization of the host plant. One interesting proposition is to pre-treat mycorrhizal hyphae with salt prior to inoculation into saline environments (Sharifi et al., 2007) , which almost doubled root colonization and stimulated root and shoot growth (10-15%) of soybean plants exposed to 100mM NaCl. Thus, parallel programmes of independently increasing both microbial and plant salt tolerance may assist the productivity of crops grown in saline environments.
Conclusions
While our understanding of how soil biota can influence plant physiological responses to salt stress can be conveniently summarized (Fig. 3) , the diversity of microbial properties capable of promoting plant growth makes it difficult to be sure about the importance of particular mechanisms within specific plant-microbe interactions in saline environments. Furthermore, although some beneficial effects of soil biota on salinized plants are well known, many of the underlying physiological and molecular mechanisms still need to be identified in order to optimize the agronomic applications of soil microorganisms. Nevertheless, the range of organisms existing in the rhizosphere of halophytic plants (Naz et al., 2009) may provide a valuable resource for this alternative way of improving crop tolerance to salinity.
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